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Prasugrel is a thienopyridine antiplatelet prodrug that undergoes rapid hydrolysis in vivo to a thiolactone metabolite by human carboxylesterase-2 (hCE2) during gastrointestinal absorption. The thiolactone metabolite is further converted to a pharmacologically active metabolite by cytochrome P450 isoforms. The aim of the current study was to elucidate hydrolases other than hCE2 involved in the bioactivation step of prasugrel in human intestine. Using size exclusion column chromatography of a human small intestinal S9 fraction, another peak besides hCE2 peak was observed to have prasugrel hydrolyzing activity and this protein was found to be ca. 20 kDa molecular weight. This prasugrel hydrolyzing protein was successfully purified from a monkey small intestinal cytosolic fraction by successive four-step column chromatography, and identified as Raf-1 kinase inhibitor protein (RKIP) by liquid chromatography mass spectrometry (LC-MS/MS). Secondly, we evaluated the enzymatic kinetic parameters for prasugrel hydrolysis using recombinant human RKIP and hCE2 and estimated the contributions of these two hydrolyzing enzymes to the prasugrel hydrolysis reaction in human intestine, which were approximately 40% for hRKIP and 60% for hCE2. Moreover, prasugrel hydrolysis was inhibited by anti-hRKIP antibody and carboxylesterase-specific chemical inhibitor (BNPP) by 30% and 60%, respectively. In conclusion, another protein capable of hydrolyzing prasugrel to its thiolactone metabolite was identified as RKIP and this protein may play a significant role with hCE2 in prasugrel bioactivation in human intestine. RKIP is known to have diverse functions in many intracellular signaling cascades, but this is the first report describing RKIP as a hydrolase involved in drug metabolism.
Introduction
Prasugrel (marketed as Effient® in the USA, and as Efient® in Europe, Japan and other countries) is a 3rd generation of thienopyridine antiplatelet prodrug (Angiolillo et al, 2008) indicated for the reduction of thrombotic cardiovascular events in patients with acute coronary syndrome who are being managed by percutaneous coronary intervention (PCI). Prasugrel was not detected in the plasma, urine or feces after oral administration of prasugrel to humans, because it is rapidly absorbed and extensively metabolized in human (Farid et al, 2007) . Prasugrel undergoes rapid hydrolysis in vivo to a thiolactone metabolite, which is further converted to a pharmacologically active metabolite by cytochrome P450 isoforms ( Figure 1 ). This rapid hydrolysis reaction of prasugrel may contribute to the rapid onset and the low individual variability of pharmacological effect of prasugrel compared with other thienopyridine antiplatelet agents such as clopidogrel (Tcheng et al, 2012) . We previously reported based on in vitro experiments that prasugrel was converted to a thiolactone metabolite by human carboxylesterase 2 (hCE2) and human carboxylesterase 1 (hCE1) (Williams et al, 2008) . The hydrolysis of prasugrel was at least 25 times greater with hCE2 than hCE1. Prasugrel hydrolysis by hCE2 exhibited substrate inhibition at high substrate concentration, although this in vitro observation did not translate to in vivo relevance (Williams et al, 2008) . A linear relationship has been shown between the prasugrel dose and the plasma exposure to thiolactone metabolite in human (Asai et al, 2006) . Therefore, it was suggested that the formation of thiolactone metabolite from prasugrel was catalyzed by not only hCES but other unknown enzymes. The aim of this study was to identify the hydrolysis enzymes other than hCE2 involved in the hydrolysis of prasugrel in the intestine. Another aim was to determine the contribution of hCE2 and the newly identified enzyme to the hydrolysis of prasugrel to the thiolactone metabolite in human intestine by estimating enzyme kinetic parameters and enzyme inhibition. Peptide N-Glycosidase F (PNGase F, Lot 0360910) was obtained from New England Biolabs Japan, Inc.
Preparation of monkey small intestinal subcellular fractions
All experimental procedures were performed in accordance with the in-house guidelines of the Institutional Animal Care and Use Committee of Daiichi Sankyo Co., Ltd. All
preparation below was conducted at 4°C. The Cynomolgus monkey (HAMURI Co., Ltd) was euthanized and the small intestine was removed. The small intestine was homogenized in 9 volumes of homogenization buffer (10 mM HEPES-NaOH (pH 7.0), 0.25 M sucrose and protease inhibitor cocktail) using a polytron. The homogenate was centrifuged at 9,000g for 30 min at 4°C and the supernatant was used as the S9 fraction. Additionally, the S9 fraction was ultracentrifuged at 105,000g for 1 hour at 4°C and the supernatant and precipitate fractions were used as the cytosolic and the microsome fraction, respectively. The subcellular fractions were stored at -80°C until use.
Gel filtration of human small intestine S9 and monkey small intestine cytosol Two hundred µL of human small intestinal S9 fraction (10 mg/mL) was loaded onto a gel filtration column (Superdex 75, GE Healthcare, USA) and eluted with 20 mL 100 mM HEPES (pH 7.0) at 0.5 mL/min with fraction size of 0.5 mL. Similarly, 200 μ L of monkey small intestinal cytosolic fraction (10 mg/mL) was separated by the same experimental condition.
Purification of endogenous enzyme
The cytosolic fraction equivalent to 5 g monkey small intestine was dialyzed against 20 mM sodium acetate (pH 6.0). The dialysate was loaded onto a HiPrep Heparin column (GE Healthcare; 20 mL) and eluted with a 20 mL linear gradient of 0 to 0.5 M NaCl. Each fraction was tested for prasugrel hydrolysis activity, and analyzed by immunoblotting with the monoclonal antibody to hCE2. The flow-through fractions (fraction No. 5-10) were pooled, and applied to a mono S 5/50 GL column (GE Healthcare; 1 mL). The bound proteins were eluted with a 30 mL linear gradient of 0 to 0.5 M NaCl. Each fraction was tested for prasugrel hydrolysis activity and the active fractions were pooled and dialyzed against 20 mM Tris-HCl (pH 9.0) buffer. The dialyzed sample was applied to a mono Q 5/50 GL column (GE Healthcare; 1 mL), and proteins were eluted with 30 mL linear gradient of 0 to 0.5 M NaCl. Each fraction was tested for the prasugrel hydrolysis activity, and a part of fractions was loaded on SDS-PAGE. The active fractions were dialyzed against 20 mM sodium acetate (pH 6.0), and applied to a mini S PC 3.2/3 column (GE Healthcare; 0.24 mL). The column was eluted with a 7.2 mL linear gradient of 0 to 0.35 M NaCl, and the presence of purified enzyme in eluted fractions was confirmed by prasugrel hydrolysis activity and SDS-PAGE.
Prasugrel hydrolase assay for subcellular localization, gel filtration and endogenous
The subcellular fraction at a final concentration of 1 mg protein/mL or 30 µL of fractions from endogenous enzyme purification was mixed with prasugrel DMSO solution at a final concentration of 6 mM in a final volume of 50 µL of 100 mM HEPES buffer (pH7.0). The mixture was incubated at 37°C for 15 min followed by adding 100 µL methanol to terminate the reaction. The samples was filtrated by an Ultrafree-MC 0.45 µm PVDF membrane filter unit (Millipore) and 2 µL of the filtrate was injected into LC-MS system to determine the concentrations of the thiolactone metabolite.
In case of fractions of gel filtration separation, 30 µL of each fraction was tested as described above with slight modification, i.e. fraction were tested with or without 1 mM BNPP, a specific inhibito of humjan carboxyl esterase (hCE) and incubation time was extended to 60 min.
Electrophoresis
The monoQ and miniS active fractions were resolved by 5-20% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), and the gel was stained with Flamingo (Bio-Rad Laboratories, Ink.) and scanned by molecular imager FX (Bio-Rad Laboratories, Ink.) system.
Protein identification by LC-MS/MS
For protein separation, the active fractions from the mini S PC 3.2/3 column were loaded on a 5-20% SDS-PAGE gel. After staining of the gel with the Flamingo staining, each gel piece was excised from the gel. The gel piece was subjected to in-gel reduction and alkylation, followed by trypsin digestion (Modified trypsin, Promega). The resulting peptides were extracted and sequenced with LC-MS/MS on a DiNa nano-flow liquid chromatography system (KYA tech) coupled to a LTQ-Orbitrap (Thermo Fisher Scientific). The mass spectrometer was operated in the data-dependent mode to automatically switch between Orbitrap-MS and LTQ MS/MS acquisitions. Orbitrap MS full scans were acquired in the Orbitrap analyzer in using lock mass recalibration in real time. Resolution in the Orbitrap MS acquisition was set to r= 15000. The tandem mass spectra of the six most intense peptide ions with charge states ≥ 2 were collected. Data from LC/MS/MS measurements were searched against the Swiss-Plot database using the Mascot algorithm (Matrix science) with the following parameters: trypsin specificity, two missed cleavage, cysteine carbamidomethylation (fixed), protein N-term acetylated, methionine oxidation and asparagine, glutamine
deamidated (variable), and ESI-TRAP fragmentation. The maximum allowed mass deviation for MS and MS/MS scans was 5 ppm and 0.8 Da, respectively. The resulting files were summarized and rearranged by an in-house developed software iMAP2.
Expression and purification of recombinant proteins
The expression vector of hCE2 fused with carboxyl terminal FLAG tag was prepared as described (Ishizuka et al, 2013) . The expression vector of the N-terminal FLAG-tagged enhanced GFP was kindly provided by Dr. Keisuke Fukuchi from Daiichi Sankyo Co., Ltd. Human RKIP was cloned from cDNA library of human 293F cells and the expression vector was constructed with N-terminal FLAG tag under CMV promoter as described (Kubota et al, 2015) . GFP, RKIP and hCE2 expression vectors (30 μ g) were transfected into 293F cells (3 × 10 7 cells) using 293fectin according to the manufacturer's protocol, respectively. The transfected cells were cultured for 72 h. The cell culture was centrifuged and the collected cells were suspended for 5 min on ice in lysis buffer (20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 0.1% NP-40). The cell extracts were centrifuged, and the supernatant was used as a cell lysate. Proteins were purified using their FLAG-tag by affinity chromatography. Five μ L of anti-FLAG M2 agarose was added to 300 μ L of the lysate. After 2 h incubation at 4°C, the resin was collected by centrifuge and washed three times with 500 μ L of lysis buffer. Proteins bound to the gel were eluted with 100 μ L of lysis buffer containing 0.1 mg/mL FLAG peptide. Each purified recombinant protein (i.e. hCE2, RKIP, G F P as control) was subjected to 5-20% SDS-PAGE and visualized by Flamingo staining, which confirming more than 90% purity (Supplementary Figure S2) . Additionally, we evaluated prasugrel hydrolysis activity with each recombinant protein.
Determination of the enzymatic kinetic parameters for thiolactone formation from prasugrel
The assay was performed by using recombinant RKIP and hCE2. The incubation mixture contained 1 μ g protein/mL recombinant RKIP or 0.25 μ g protein/mL recombinant hCE2; and 0.625, 1.25, 2.5, 5, 10, 20, 40, 80, 160, 320 and 640 μ M prasugrel in a final volume of 200 μ L of 0.1N HEPES buffer (pH 7.0). A mixture without prasugrel was preincubated at 37°C for 5 min, and the reaction was started by the addition of 2 μ L of a solution of prasugrel in DMSO. After incubation at 37°C for 2 min, 50 μ L of the incubation mixture was collected and added to 100 μ L of acetonitrile and 50 μ L of a solution of R-135766 as the internal standard (2 μ M in acetonitrile) to terminate the reaction. The mixture was centrifuged at 15,000 rpm at
4°C for 3 min, and 5 μ L of the supernatant was injected into LC-MS/MS system to determine the concentration of the thiolactone metabolite.
Western blot analysis
Western blotting was performed to determine the amount of RKIP and hCE2 in four individual human small intestinal S9.
Assay of the contents of RKIP in human small intestinal S9
Recombinant RKIP (100 μ g/mL) was diluted with 0.1N HEPES buffer (pH7.0) and prepared at the concentration of 2.5, 5, 10, 15 and 20 μ g/mL. Each human small intestinal S9 (n=4) was prepared at the concentration of 0.8 mg protein/mL in the same way. These prepared samples and GFP as control were diluted twice with Laemmli sample buffer containing 5% mercaptoethanol and boiled for 5 min at 100°C. Ten μ L of boiled samples was loaded onto commercially available 12.5% SDS-polyacrylamide gel (Ready Gel J, Bio-Rad Laboratories, Inc.), respectively. The electrophoresis was performed at 140 V for 80 min.
The proteins were electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories, Inc.) using a blotter (Trans-blot, Bio-Rad Laboratories, Inc.) at 15 V for 40 min. The PVDF membrane was blocked with blocking buffer (Tris-buffered saline containing 0.05% Tween 20 (TTBS) and 2% skimmed milk) for 1 h at room temperature. After washing the PVDF membrane with TTBS, the PVDF membrane was incubated with the antibody to RKIP (dilution 1: 400) for 1 h at room temperature. After washing the PVDF membrane with TTBS for 30 min, the PVDF membrane was incubated with ECL anti-rabbit IgG-HRP-linked (dilution 1: 5000) for 1 h at room temperature. After washing with TTBS and water, the PVDF membrane was incubated with coloring reagent (Lumigen TMA-6, Western blotting kits) for 5 min and was analyzed using lumino-image analyzer (LAS-4000UVmini, Fujifilm Co., Ltd.).
Assay of the contents of hCE2 in human small intestinal S9
PNGase F-treated recombinant hCE2 (50 μ g/mL) was diluted with Laemmli sample buffer containing 5% mercaptoethanol and prepared at the concentration of 1, 2.5, 5, 7.5 and 10 μ g/mL. Each human small intestinal S9 (n=4) was prepared at the concentration of 1.6 mg protein/mL with 0.1N HEPES buffer (pH 7.0). The diluted human small intestinal S9 was treated with PNGase F. PNGase F-treated human small intestinal S9 samples were diluted twice with Laemmli sample buffer containing 5% D M D # 6 6 2 9 0 1 0 mercaptoethanol and boiled for 5 min at 100°C. Ten μ L of boiled samples was loaded onto commercially available 7.5% SDS-polyacrylamide gel, respectively. The details of the Western blot analysis are described above. In this Western blotting, the monoclonal antibody to hCE2 (dilution 1:5000) was used as the primary antibody and an ECL anti-rabbit IgG-HRP-linked antibody (dilution 1: 20000) was used as the secondary antibody.
Determination of RKIP and hCE2 contents using Lumino-image Analyzer
The expression protein (ng/μg S9) of RKIP and hCE2 in human small intestinal S9 was determined using LAS-4000UVmini. The amount of chemiluminescence (AU) of each enzyme was computed using Multi Gauge version 3.0 software (Fujifilm Corp.). The calibration curve was constructed by linear least squares regression, plotting the AU against each recombinant concentration. The calibration curve range was from 12.5 ng/10 μ L to 100 ng/10μL for RKIP and from 10.0 ng/10 μ L to 100 ng/10μL for hCE2.
Inhibition study
H uman small intestine S9 fractions (20 μ g) were incubated with the anti-RKIP antibody, or the control rabbit antibody (20 μ g) in TNN buffer (20 mM Tris (pH 8.0), 100 mM NaCl, 1% NP-40) overnight at 4°C. The immune complexes were removed by incubation with 10 μ L of protein G-Sepharose (GE healthcare). Depletion of RKIP was monitored by immunoblotting with anti-RKIP antibodies. The depleted S9 fractions (10 μ L each) were mixed with Laemmli sample buffer containing 5% β -mercaptoethanol and subjected to 5-20% SDS-PAGE and transferred to a PVDF membrane using the iBlot dry blotting system (Invitrogen). The PVDF membrane was treated with TBS-T (20 mM Tris-HCl (pH 7.4), 150 mM NaCl and 0.1% Tween 20) containing 10% Aqua block (Rockland) for 1 h at room temperature. The blot was sequentially incubated with anti-RKIP antibody (1:5000 dilution) or anti-β-actin antibody (1:5000 dilution) as primary antibody and anti-mouse IgG antibody conjugated with horseradish peroxidase as secondary antibodies (1:50000 dilution; GE healthcare).
The membrane was visualized with the ECL plus or advance (GE healthcare) and developed using a NightOWL imaging system (Berthold technologies GmbH, Germany). After that, the incubation mixture contained each depleted S9 fraction (i.e. the rabbit IgG-depleted S9 fraction, RKIP-depleted S9 fraction) (0.2 mg/mL) in a final volume of 100 μ L of 50 mM HEPES buffer (pH 7.0) with or without 0.1 mM BNPP. A mixture without prasugrel was preincubated at 37°C for 2 min, and a reaction was started by the This article has not been copyedited and formatted. The final version may differ from this version. 
Assay of thiolactone metabolites by LC-MS/MS System
Thiolactone metabolites and R-135766 were analyzed using the LC-MS/MS system as 
Results

Identification of several hydrolases in human and monkey small intestine
To define subcellular localization of the hydrolase involved in the prasugrel hydrolysis reaction, we determined the prasugrel hydrolysis activity using each subcellular fraction (i.e. homogenate, S9, microsome, cytosol) of monkey small intestine. The hydrolysis activity of prasugrel was localized mainly in the cytosolic fraction of monkey small intestine (Figure 2) . Additionally, the gel filtration of human small intestinal S9 and monkey small intestinal cytosolic fraction was performed using a Superdex 75 column in order to confirm the characterization of expressing hydrolysis enzymes of prasugrel in human and monkey (Figure 3) . Two hydrolysis activity peaks of prasugrel were detected in the human small intestinal S9 fractions. The first peak was observed at about 60 kDa molecular weight and the prasugrel hydrolase activity in this peak was inhibited by 70% with BNPP, a CES-specific chemical inhibitor. On the other hand, prasugrel hydrolase activity in the second peak was not inhibited with BNPP and its molecular weight was estimated to be about 20 kDa ( Figure 3A ). These results suggested that the first peak activity consists of CES2, and there was an unidentified hydrolase in the second peak. In the case of monkey small intestinal cytosolic fraction, a roughly similar result was obtained as human small intestinal S9 fraction ( Figure 3B ).
Purification of hydrolase
The monkey intestinal cytosolic fraction was primarily subjected to the HiPrep heparin column and two hydrolysis activity peaks of prasugrel were detected ( Figure 4A ). Each fraction of heparin chromatography was analyzed by western blotting using anti-CES2 antibody ( Figure 4B ). It was shown that CES2 was included in the bound fractions ( Figure 4B ). Taken together, it was shown that the unknown prasugrel hydrolase activity was separated from the CES2 catalyzed activity and eluted in flow-through fraction in the HiPrep heparin step. In the next step of mono-S fractionation of HiPrep flow-through sample, the unknown prasugrel hydrolysis activities were observed both in the flow-through and bound fraction (data not shown). The physical basis of this heterogeneity was not determined. The bound fraction, containing most of the activity, was used for the next step of mono Q chromatography. SDS-PAGE and Flamingo staining of the mono Q fractions revealed a band of 21 kDa associated with prasugrel hydrolase activity ( Figure 5A ). Compared to other fractions, fractions 6 and 7 contained higher prasugrel hydrolyzing activity and only 21 kDa protein content was higher in these two fractions while other protein band contents were
not. Because the mono Q active fraction contained several bands ( Figure 5A ), we applied the mono Q active fraction (bound fraction) next to the mini S column. As a result of successive four-step purification, our target unknown prasugrel hydrolyzing protein was purified. SDS-PAGE and Flamingo staining of the mini S active fractions revealed a single band of 21 kDa associated with prasugrel hydrolysis activity ( Figure  5B ). Faint 60 kDa bands were observed but did not correlated with the activity. Those bands would be well known to be human keratins, which were often contaminated in small amounts during experiments and visualized by high sensitivity staining such as fluorescent dye and silver staining.
Protein identification by LC-MS/MS
To identify the protein that was associated with prasugrel hydrolysis activity, the mini S active fractions were subjected to SDS-PAGE, and the band of 21 kDa was excised and subjected to in-gel trypsin digestion. The fragmented peptides were analyzed by LC-MS/MS, identified by Mascot. Twenty-one peptides were found to match with the amino acid coverage of 96% for monkey Raf-1 kinase inhibitory protein (RKIP) ( Figure  6 ).
Estimation of the enzymatic kinetic parameters for prasugrel hydrolysis by hRKIP and hCE2
The V and V/S values of prasugrel hydrolysis for recombinant hRKIP and hCE2 were determined according to Equation 1 and Equation 2 and Eadie-Hofstee plots of these data are shown in Figure 7 . The enzyme kinetic parameters, K m and V max for recombinant hCE2, were estimated according to Equation 3, since the formation of thiolactone from prasugrel indicated a substrate inhibition pattern in the Eadie-Hofstee plots. On the other hand, K m and V max values for recombinant RKIP were calculated by Michaelis-Menten model since it fit the data best, although we tried other models such as a substrate inhibition model. The CV (%) for the parameter estimates in the Michaelis-Menten model was the smallest of the models tested. In the formation of thiolactone metabolite from prasugrel using recombinant RKIP, K m and V max were 49.9±7.96 μ M and 14114±647 pmol/min/μg protein (Table 1) . Similarly, in the case of using recombinant hCE2, K m and V max were 49.8±2.54 μ M and 54839±1510 pmol/min/μg protein (Table 1) . Thiolactone formation from prasugrel in GFP was almost never detected (data not shown).
Estimation of the contribution of hRKIP and hCE2 involved in the prasugrel
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hydrolysis in human small intestinal S9
We determined the contents of hRKIP and hCE2 in individual human small intestinal S9 by western blotting method ( Figure 8 ). As results, RKIP and hCE2 in individual human small intestinal S9 were 7.48 (ng/μg S9) -15.6 (ng/μg S9) and 2.24 (ng/μg S9) -7.91(ng/μg S9), respectively. From these data and enzyme kinetic parameters, it was estimated that the contribution ratio of RKIP and hCE2 involved in the hydrolysis reaction of prasugrel in human small intestinal S9 was 42.9±9.82% (Mean±SD) and 57.1±9.82%, respectively (Table 2 ).
Inhibition study of prasugrel hydrolysis in human small intestinal S9
RKIP was immuno-depleted from human small intestinal S9 fraction using the anti-RKIP antibody ( Figure 9A ). This immuno-depletion of RKIP clearly inhibited prasugrel hydrolysis activity by about 34.7%, while inhibition by BNPP was about 50.7% ( Figure 9B , Table 3 ). 
Discussion
Prasugrel and clopidogrel are both thienopyridine-type antiplatelet prodrugs and both need to be bioactivated via a thiolactone intermediate to their pharmacologically active metabolites . Prasugrel was converted more rapidly and more efficiently to the thiolactone metabolite compared with clopidogrel, since for prasugrel, the thiolactone formation is via rapid ester group hydrolysis during gastrointestinal absorption. Prasugrel itself is not detected in the blood circulation, but there is rapid appearance of the thiolactone metabolite. On the other hand, conversion of clopidogrel to its thiolactone metabolite is via hepatic cytochrome P450 oxidation including CYP2C19 which is known to have large interindividual variability. Furthermore, most of the clopidogrel undergoes hydrolysis of its ester group to form an carboxylic acid metabolite which cannot be converted to the active metabolite. (Hagihara et al, 2009 , Kazui et al, 2010 , Tang M et al, 2006 . We previously reported that prasugrel was converted to the thiolactone metabolite primarily by hCE2 with a lesser contribution by hCE1 and that at high prasugrel concentrations in excess of 109 µM substrate inhibition was observed for hCE2 (Williams et al, 2008) . The prasugrel-concentrations in the gastrointestinal tract at the doses of 2.5-, 10-and 75 mg are calculated to be 26.8, 107, and 803 µM, respectively, assuming that these doses of prasugrel are dissolved in a standard glass of water (250 mL). If the metabolic enzyme involved in the formation of thiolactone in the small intestine is only hCE2, the human exposure to thiolactone metabolite might saturate at more than 10 mg doses of prasugrel, however, the human plasma exposure to the thiolactone metabolite after oral administration of prasugrel at the doses of 2.5-, 10-and 75 mg were dose dependent (Asai et al, 2006) . So that means the observed inhibition in vitro does not translate to in vivo relevance. Thus, we hypothesized another enzyme other than hCE2 might contribute to the prasugrel hydrolysis in the intestine. We also tried to determine the contributions of hCE2 and unknown enzyme to the prasugrel hydrolysis process. As first step, we found that the prasugrel hydrolysis activity was localized in the cytosolic fraction of monkey small intestine, in addition to microsome fraction which contains most of CESs, suggesting another prasugrel hydrolase exists in the cytosol fraction. (Figure 2 ). Accordingly, we compared prasugrel hydrolysis activity profiles of human intestinal S9 fraction and monkey intestinal cytosol fraction in size-exclusion column chromatography, which resulted in almost the same profiles. In both matrices, first CES activity peak and second unknown activity peak were observed ( Figure 3A , Figure 3B ). Therefore, the further purification of the unknown enzyme was performed using monkey small intestinal cytosolic fraction since human source availability was
limited. As a result of successive four-step column chromatography purification, target enzyme protein was successfully purified. SDS-PAGE and Flamingo staining of the mini S active fractions revealed a single band of 21 kDa associated with prasugrel hydrolysis activity ( Figure 5A , Figure 5B ). The fragmented peptides of the 21 kDa band were analyzed by LC-MS/MS, identified by Mascot. As a result, twenty-one peptides were found to match with the amino acid coverage of 96% for Raf-1 kinase inhibitory protein (RKIP) (Figure 6 ). RKIP is a widely known protein as a member of the phosphatidylethanolamine-binding protein (PEBP) family. It is a small, evolutionarily conserved cytosolic protein that plays a pivotal modulatory role in several protein kinase signaling cascades (Bazzi et al. 1992 , Corbit et al. 2003 , Lorenz et al. 2003 , Yeung et al. 2000 , Yeung et al. 2001 . Additionally, it is reported that RKIP exerts a significant impact on controlling the cell cycle and is also associated with centrosomes and kinetochores in cultured mammalian cells (AL-Mulla et al, 2013) . Taken together, RKIP play several roles in regulating the process of cell growth. It is already known that a lot of hydrolysis enzymes such as carboxylesterase (CE), paraoxonase (PON), butyrylcholinesterase (BChE), acetylcholinesterase (AChE), carboxymethylenebutenolidase (CMBL) and albumin are involved in the bioconversion of ester-based prodrugs (Liedere et al, 2006 , Ishizuka et al, 2013 . However, it is not known that RKIP plays a role of the drug metabolizing enzyme (i.e. hydrolase). This study is, to the best of the author's knowledge, the first report describing hydrolase activity of RKIP. We determined the contributions of hRKIP and hCE2 for the prasugrel hydrolysis by estimating the enzymatic kinetic parameters of recombinant enzymes and by the inhibition study using human small intestinal S9. The experiment for estimating the enzymatic kinetic parameters show that both RKIP and hCE2 have similar K m values for the hydrolysis of prasugrel, suggesting they bind prasugrel with similar affinity (Table  1) , but the V max value for hCE2 appears to be 4 times higher than that for RKIP (Table  1) . From these enzyme kinetic parameters with the enzyme contents determined by Western method, contribution ratio of RKIP and hCE2 involved in the prasugrel hydrolysis in the human small intestinal S9 was estimated to be 42.9±9.82% and 57.1±9.82%, respectively (Table 2) . Additionally, the prasugrel hydrolysis in human small intestinal S9 was inhibited about 30-40% by anti-RKIP antibody, and further 40-50% by BNPP (Table 3, Figure 9B ). The data from the inhibition study was consistent with the estimated contribution ratio from the enzyme kinetic parameters obtained using the recombinant enzymes. Therefore, we judged that the contribution of RKIP and hCE2 to prasugrel hydrolysis in human intestine was about 30%-40% and 60%, respectively. In conclusion, hRKIP was identified as capable of hydrolyzing prasugrel to its thiolactone metabolite and may play a significant role with hCE2 in prasugrel bioactivation in the human intestine. RKIP is known to have diverse functions as a master modulator of many intracellular signaling cascades. This is the first report describing a new function of RKIP as hydrolase involved in drug metabolism. The contents of RKIP and hCE2 in individual human small intestinal S9 (n = 4) were determined using recombinant RKIP and PNGase F-treated hCE2 by Western blotting method. The contribution ratio of RKIP and hCE2 involved in the hydrolysis reaction of prasugrel in human small intestinal S9 was estimated by using the obtained contents data and enzyme kinetic parameters. 
